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ABSTRACT: Syntrophic acetate oxidation (SAO) plays a pivotal role in biogas production 21 
processes when aceticlastic methanogens are inhibited. Despite the importance of SAO, the 22 
metabolic interactions and syntrophic growth of the organisms involved are still poorly 23 
understood. Therefore we studied growth parameters and interactions within constructed 24 
defined co-cultures comprising the methanogen Methanoculleus bourgensis and one, or several, 25 
of the syntrophic acetate oxidizers Syntrophaceticus schinkii, [Clostridium] ultunense, 26 
Tepidanaerobacter acetatoxydans, and a novel, uncharacterized bacterium. Cultivation 27 
experiments in a design-of-experiment approach revealed positive effects on methane 28 
production rate of increased ammonium levels (up to 0.2 M), temperature (up to 45C) and 29 
acetate concentrations (0.15-0.30 M). Molecular analyses and thermodynamic calculations 30 
demonstrated close interlinkages between the microorganisms, with available energy of -10 31 
kJ/mol for acetate oxidation and -20 kJ/mol for hydrogenotrophic methanogenesis. The 32 
estimated generation time varied between 14-24 days for the bacteria and 13-29 days for the 33 
methanogen and the acetate minimum threshold level was 0.40-0.45 mM. The rate of 34 
methanogenesis depended on the SAO bacteria present in the culture. These data are beneficial 35 
for interpretation of SAO prevalence and competiveness against aceticlastic methanogens in 36 
anaerobic environments. 37 
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INTRODUCTION 46 
Anaerobic digestion is an efficient waste management technique to convert organic material to 47 
biogas, a renewable fuel that can replace fossil fuel in heating/cooling, electrical power 48 
generation and transportation.1 Several organic wastes from agriculture, households, and food 49 
manufacturing industries contain proteins, and thus have high biogas potential. The digestate 50 
generated from these wastes after anaerobic degradation is also a nutrient-rich and valuable 51 
biofertilizer.2 However, high protein content can be a major drawback in biogas systems, due 52 
to formation of excess ammonia during protein degradation. Ammonia is toxic to many 53 
microorganisms and thus often gives rise to process instability and decreased biogas yields.3 54 
Increasing acetate level is often the first chemical signal of microbial ammonia inhibition, an 55 
effect related to the reduced activity of ammonia-sensitive aceticlastic methanogens.4 Instead, 56 
ammonia-tolerant microorganisms performing syntrophic acetate oxidation (SAO) in 57 
association with hydrogenotrophic methanogens may take over.4, 5 SAO involves a mutualistic 58 
interaction between syntrophic acetate-oxidizing bacteria and hydrogen (H2)-oxidizing 59 
methanogens. The syntrophic bacteria oxidize acetate to H2 and carbon dioxide (CO2) or 60 
formate, which are subsequently converted to methane (CH4) by H2-utilizing methanogens. The 61 
bacteria rely on the methanogenic activity, since acetate oxidation rapidly becomes endergonic 62 
when H2 accumulates.
6 Nevertheless, the H2 (or formate) level still needs to be sufficient to 63 
favor the hydrogenotrophic methanogens and is thus restrained within a low and narrow range.7  64 
Only a few bacteria capable of SAO have been isolated and characterized to date. These include 65 
the mesophiles [Clostridium] ultunense8 and Syntrophaceticus schinkii,9 the thermotolerant 66 
Tepidanaerobacter acetatoxydans,10 and the thermophiles Thermacetogenium phaeum11 and 67 
Pseudothermotoga lettingae.12, 13 These bacteria have the special physiological feature that they 68 
can utilize various substrates in pure culture, in addition to oxidizing acetate in SAO.14 Co-69 
culturing and genomic studies of some of these isolates have revealed and confirmed potential 70 
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physiological and metabolic capabilities of their syntrophic cooperation.15-20 However, many 71 
key aspects within this area remain unexplored. Thus, further insights into syntrophic growth 72 
and metabolism are critical in order to reveal the behavior of these organisms in response to 73 
ecological parameters and their ability to compete for acetate under various conditions.  74 
The aim of the present study was to identify the thermodynamic constraints on SAO under 75 
mesophilic conditions and to examine the impact of environmental parameters on the growth 76 
rate of defined SAO co-cultures. The impact of temperature, pH, ammonium, and initial acetate 77 
concentration on methane production and acetate degradation rate was established in batch 78 
cultures comprising Methanoculleus bourgensis and one, or several, of the syntrophic acetate 79 
oxidizers S. schinkii, [C.] ultunense, and T. acetatoxydans and a novel, yet to be characterized, 80 
bacterium. To allow calculation of thermodynamic constraints, the communities were 81 
maintained and sub-cultured in medium with sodium acetate as the sole energy source and H2 82 
partial pressure, pH, temperature, CO2, methane formation, and acetate degradation were 83 
monitored throughout the growth experiments. The 16S rRNA gene abundance of the main 84 
species was quantified to obtain information on the interplay between the organisms in the co-85 
cultures. The intention was to gain fundamental insights into the syntrophic mechanism of 86 
acetate oxidation, which will be useful in developing strategies to improve high-ammonia 87 
biogas processes. 88 
MATERIALS AND METHODS 89 
Organisms and Media. The syntrophic acetate-oxidizing bacteria [C.] ultunense strain Esp 90 
JCM 16670, S. schinkii strain Sp3 JCM 16669,9 and T. acetatoxydans strain T1 DSM 2180410 91 
and the hydrogenotrophic methanogen M. bourgensis strain MAB121 used in this study were 92 
isolated at the Department of Microbiology, Swedish University of Agricultural Sciences. 93 
Recent phylogenetic analysis has affiliated [C.] ultunense to the family Tissierellaceae and not 94 
Clostridiaceae17. Therefore, the family [MOU1]  name of this species awaits amendment. The 95 
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family name for [C.] ultunense is thus given in brackets. For co-cultivation, S. schinkii and M. 96 
bourgensis were inoculated (culture cos) and another defined culture was established by 97 
inoculating all three SAO bacteria and M. bourgensis (culture comix). However, 16S rRNA gene 98 
Illumina sequencing revealed presence of an additional uncharacterized species, strain AMB1 99 
(Keratinibaculum paraultunense as closest relative with 96% sequence identity) in the 100 
methanogenic culture and it was thus also included in the cos and comix cultures.  101 
All cultures were grown in bicarbonate-buffered basal media with yeast extract (0.2 g/L) 102 
containing sodium acetate and ammonium chloride (NH4Cl), prepared as described in 103 
Westerholm et al.9 The initial pH of the media was 7.3. For incubation at pH 8.1, changes in 104 
medium composition and minor pH adjustments were performed as described in Westerholm 105 
et al.10 The cultures were inoculated with co-cultures that had depleted acetate (100 mM) to 106 
below detection and were incubated in darkness, without shaking, at set temperatures. 107 
Temperature was monitored continuously during growth. 108 
Analytical Procedures and Molecular Analyses. Methane and CO2 in the gas phase were 109 
quantified by gas chromatography and concentration of volatile fatty acids (VFA, including 110 
acetate, propionate, butyrate, isobutyrate, valeriate, isovaleriate, capronate and isocapronate) in 111 
the liquid phase was determined using high-performance liquid chromatography as described 112 
previously.9 In order to determine the final VFA levels, analyses using gas chromatography 113 
(6890 Series, Hewlett Packard, USA) were conducted as described previously.22 The partial 114 
pressure of H2 (pH2) was analyzed by direct injection of 1 mL headspace gas (by syringe) from 115 
the cultures into a gas chromatograph with a reducing compound (HgO bed) photometer (Peak 116 
Performer Reduced Gas Analyzer PP1, Peak Laboratories, CA, USA). After being separated 117 
from the matrix gas through a system of two packed columns (a zeolite MS13X 60/80 column 118 
with length 16.5" and a Unibead silica 1S 60/80 column with length 81") using N2 carrier gas, 119 
H2 was indirectly detected and quantified by the mercury vapor liberated from the heated HgO 120 
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bed with an ultraviolet (UV, 254 nm) absorption photometer. A dilution of 20 000 ppm H2 121 
standard (Aga, Sweden) was used for calibration.  122 
Extraction of total genomic DNA, construction of standard curves, and quantitative polymerase 123 
chain reaction (qPCR) analysis were conducted as described elsewhere.23 16S rRNA genes of 124 
[C.] ultunense, S. schinkii, T. acetatoxydans, and M. bourgensis were targeted using primer 125 
pairs Cult, THAC, Tp, and MAB developed by Westerholm et al.23, 24 For targeting the novel 126 
strain AMB1 in the comix culture, the primers AMB1_1028F (5´-127 
AACGAGCGCAACCCCTATTT-3´) and AMB1_1227R (5´-128 
CTGGGATCGGCTTTTTGGGA-3´) were designed using Geneious v6.1. To evaluate their 129 
specificity, these new primers were tested with genomic DNA from pure culture of all strains 130 
present in the comix culture. The qPCR protocol for analysis of AMB1 consisted of 7 min at 131 
95°C, 40 cycles of 95°C for 30 s, annealing at 60°C for 1 min and 72°C for 30 s, and finally 132 
temperature melt curve analysis. Construction of 16S rRNA gene amplicon libraries, Illumina 133 
MiSeq sequencing, and data analyses were carried out as described previously25, with the 134 
exceptions that fastp v. 0.19.526 was used for quality control and read filtering, the software 135 
package Divisive Amplicon Denoising Algorithm 2 (DADA2)27 version 1.6.0 was used for 136 
further processing, and the forward and reverse reads were truncated at positions 250 and 200, 137 
respectively. Assignment of taxonomy was performed with the DADA2 taxonomy 138 
classification, using the Silva training set v. 132. The data were organized into a single data 139 
object (phyloseq package28) and the graphic was produced using the plot_bar function (ggplot2 140 
package29) in R Studio software.30 Reads were assigned at species level using the Blast 141 
algorithm31 provided by the National Center for Biotechnology Information (NCBI 142 
http://www.ncbi.nlm.nih.gov). Raw sequences were submitted to the NCBI Sequence Read 143 
Archive (SRA) under the study accession number PRJNA514445. 144 
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Cultivation Experiments. Two different cultivation experiments were conducted in this study, 145 
focusing on I) analysis of thermodynamics and II) determination of growth parameters for 146 
optimized methane production rates and calculation of doubling times.  147 
Experiment I) Cultivation and thermodynamic calculations. Triplicate anaerobic batches 148 
of each culture (cos and comix) were prepared using 200 mM acetate, 0.2 M NH4Cl, and initial 149 
pH (pHinitial) of 7.3. Incubation was at 37°C, giving a free ammonia level of 0.09 g NH3-N/L. 150 
The cultures were grown in 0.5 L glass flasks[JD2][MOU3], containing 0.25 L media and were 151 
inoculated with 12.5 mL of co-culture that had depleted acetate to below detection. Triplicate 152 
cultures incubated in medium without acetate served as negative controls. Determination of gas 153 
composition (H2, CH4, and CO2) and analyses of liquid samples (pH, acetate and 16S rRNA 154 
gene abundance) were conducted throughout. Liquid samples of 1 mL for DNA extraction were 155 
collected during growth and stored at -20°C until further analysis. For the thermodynamic 156 
calculations, the reactions evaluated were: CH3COO
- + H+ + 2H2O → 2CO2 + 4H2 (reaction 1; 157 
ΔG° = 55.0 kJ), 4H2 + CO2 → CH4 + 2H2O (reaction 2; ΔG° = -130.8 kJ), and CH3COO- + H+ 158 
→ CH4 + CO2 (reaction 3; ΔG° = -75.8 kJ). Temperature corrections for 37°C versus 25°C (the 159 
standard temperature) were made using the Gibbs-Helmholz equation, with H2, CO2, and CH4 160 
in the gas phase (standard conditions: partial pressure at 1 atm), and acetate in the aqueous 161 
phase (standard concentration at 1 M).32 Gf and Hf values were taken from Hanselmann.
33 Gibbs 162 
free energy (ΔG) values pertaining to actual concentrations and partial pressures were 163 
calculated using the Nernst equation, as described previously.32 All calculation procedures are 164 
described in detail in Dolfing.34  165 
Kinetic parameters. The generation time was calculated from the qPCR results using the 166 
logarithmic growth equation Nt = N0 × e
µt, where Nt is the number of cells at time t, N0 is the 167 
number of cells at time zero, and µ is the growth rate constant. The value of µ (assumed 168 
constant) was calculated from the slope of the 16S rRNA gene increase during the period of 169 
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exponential growth. The generation time (g) was calculated as g = (ln2)/µ, an expression 170 
derived from the logarithmic growth equation. The acetate threshold level was determined in 171 
these cultures after 100-200 days of cultivation. 172 
Experiment II) Determination of methane production rates at different pH, temperature, 173 
ammonia and acetate levels and calculation of doubling times. The comix culture experiment 174 
was intended to generate data relevant for efforts to improve operating strategies in biogas 175 
digesters, particularly regarding the impact on methane production rate of temperature, 176 
ammonium level, and initial acetate concentration. The experiment was set up using the design-177 
of-experiment approach (Modde software v. 11, Umetrics AB, Umeå, Sweden) and was run in 178 
two sets, at pHinitial 7.3 and at pHinitial 8.1. The range of the factors for both pH levels was set at 179 
0.05-0.34 M NH4Cl, 30-46°C, and 0.05-0.4 M sodium acetate (Table S1.1), with the intention 180 
of mimicking typical biogas digester conditions. The cultures were grown in 0.25 L glass flasks, 181 
containing 0.08 L media and were inoculated with 4 mL of co-culture that had depleted acetate 182 
to below detection. Methane yield was monitored one to two times a week until gas production 183 
ceased, and the logarithmic increase in methane concentration in the individual batches was 184 
recorded as the response factor. Response surface methodology (RSM), which evaluates the 185 
data with multiple linear regression, and a central composite face-centered design with three 186 
levels (low, middle, and high) were used in the Modde software to conduct the full factorial 187 
design. Duplicate samples at each set point were analyzed and three replicates of the central 188 
point were included in the design, to give a final experimental matrix of 60 batch experiments, 189 
in total representing 15 different set-up conditions, at each pH level (Table S1.1). Methane 190 
production and acetate degradation were measured throughout. The doubling times (td,CH4) were 191 
estimated using the specific methane production rate (CH4) in the equation td,CH4 = ln2/CH4, 192 
where CH4 was calculated from the slope of logarithmic methane increase during exponential 193 
methane production. 194 
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RESULTS AND DISCUSSION 195 
To better understand the kinetics and ecophysiology of the organisms involved in syntrophic 196 
acetate oxidation, we created two syntrophic acetate-oxidizing communities, cos and comix. Both 197 
communities relied on M. bourgensis as the hydrogen scavenger. This methanogen is an 198 
efficient hydrogen consumer in mesophilic SAO cultures8-10 and is prevalent in SAO-199 
dominated biogas systems.35, 36 The syntrophic acetate oxidizer in cos was S. schinkii, while the 200 
syntrophic comix community consisted of S. schinkii, [C.] ultunense and T. acetatoxydans. 201 
However, 16S rRNA gene Illumina sequencing revealed presence of an uncharacterized 202 
species, strain AMB1 in the M. bourgensis culture and it was thus also included in the cos and 203 
comix cultures.  204 
Acetate consumption and methane production were equimolar in SAO cultures. Analysis 205 
of acetate and methane concentrations in the cos and comix cultures during growth revealed a 206 
1:1 ratio between consumption of acetate and production of methane (Figures 1a and 2a), which 207 
is in agreement with previous findings for mesophilic and thermophilic SAO cultures. 11, 20 This 208 
demonstrates the metabolic interdependence and tight coupling between the bacteria and the 209 
methanogen.   210 
Hydrogen partial pressures and Gibbs free energy changes stabilize in SAO cultures. 211 
Production and consumption of four moles of hydrogen per mole of acetate oxidized, and per 212 
mole of methane produced, means that the amount of energy available from both reactions is 213 
very sensitive to the hydrogen partial pressure. Thus pH2 can be expected to stay within a narrow 214 
range, as both reactions need to be exergonic if the organisms involved are to obtain energy for 215 
growth from these reactions. We found this expectation to be fulfilled in both cultures. Except 216 
for early pH2 peaks of 10 Pa in cos after 15 days and 7 Pa after 8 days in comix, pH2 essentially 217 
remained consistently between 3.1 and 5.3 Pa (average 4.2 Pa) over the course of the growth 218 
experiments in both cos and comix (Fig 1a and 1b). pH increased from 7.3 to 7.9-8.0 and CO2 219 
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varied between 12-29% in all cultures during growth (Table S1.2). Thermodynamic 220 
calculations demonstrated that both acetate oxidation and hydrogenotrophic methanogenesis 221 
were exergonic at all times and that the energetics in cos and comix were consistent. In both 222 
cultures, the ΔG values started out at levels of about -30 to -40 kJ/reaction for acetate oxidation 223 
and hydrogenotrophic methanogenesis, respectively, and stabilized at -10 kJ/mol for acetate 224 
oxidation and -20 kJ/mol for hydrogenotrophic methanogenesis (Figures 3 and S1.1). Thus the 225 
methanogens obtained more energy from this partnership than their acetate-oxidizing partners. 226 
This is different to a previously analyzed methanogenic SAO tri-culture including M. 227 
bourgensis and [C.] ultunense, in which equal sharing was assumed (i.e. 17 kJ/mol each).20 The 228 
hydrogen levels in that study [1.6-6.8 Pa] were similar to the steady state levels observed here, 229 
and substantially lower than those typically observed in thermophilic SAO-cultures (10-60 230 
Pa).19, 37 This was expected, since temperature increases the window of opportunity and allows 231 
for higher hydrogen levels.32 232 
Idiosyncratic growth of the SAO bacteria and the methanogen. Given that the hydrogen 233 
partial pressure stayed within a narrow range during our experiments, one would expect 234 
methane production to result in growth of the methanogen throughout. We found that this was 235 
not the case. In both communities, 16S rRNA gene copies of the methanogen ceased halfway 236 
through the experiment (Figures 1b and 2b). Nevertheless, after growth had ceased methane 237 
production continued at a steady pace, demonstrating that the methanogenic population was 238 
still highly active. During the period of exponential growth, i.e., about day 70 to 100 in cos and 239 
day 8 to 30 in comix, the methanogen increased from 10
6-7 to 108 gene copies/mL, giving 240 
generation times of 20 days in cos and 9 days in comix (Table 1). 241 
Growth of the SAO bacteria was even more idiosyncratic. In cos, the 16S rRNA gene copy 242 
numbers of S. schinkii increased steadily between days 50 and 80 to reach 108 gene copies/mL 243 
(Figure 1b). After this, growth of S. schinkii continued, but at a lower rate, until day 100, when 244 
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growth of S. schinkii stopped and copy numbers tended to decrease, even though there was still 245 
plenty of acetate (100 mM) present, and acetate continued to be degraded until it was fully 246 
depleted at day 160 (Figure 1a). A similar pattern was seen for comix, where exponential growth 247 
of S. schinkii at its initial ‘maximum’ rate ceased at 108 gene copies/mL (~ day 30) (Figure 2b, 248 
Table SI.3), a point where there was still a lot of acetate present. Just as in cos, growth of S. 249 
schinkii continued after this, but at a lower rate (Figures 2b). [C.] ultunense and strain AMB1 250 
grew faster than S. schinkii, but growth of these organisms stopped earlier than for S. schinkii. 251 
Thus S. schinkii also became the dominant microorganism in comix (Figures 2b and 4). Another 252 
interesting observation is that S. schinkii reached similar abundance in both cos and comix, and 253 
thus the fact that it had to share the available substrate with other syntrophic acetate-oxidizing 254 
bacteria appeared not to affect its growth. Analyses of cultures without acetate suggested that 255 
[C.] ultunense, and in particular strain AMB1, grew on yeast extract (Table SI.3). This implies 256 
that, even in cultures with acetate, the initial rapid increase in [C.] ultunense and strain AMB1 257 
during the first week of incubation was due to growth on yeast extract. Detection of traces of 258 
propionate and butyrate in comix at the end of the experiment supports this hypothesis. However, 259 
after the initial rapid increase, [C.] ultunense and AMB1 continued to increase, but at a slower 260 
pace. At days 30-40, [C.] ultunense abundance reached higher levels in cultures with acetate 261 
(1-2 × 108 gene copies/mL) than in cultures without acetate (4 × 107 gene copies/mL), 262 
illustrating its ability to oxidize acetate. For AMB1, there was no difference between cultures 263 
with and without acetate (108 gene copies/mL in all cultures), so the ability of this bacterial 264 
species to oxidize acetate remains to be investigated. Still, the fact that strain AMB1 did not 265 
show any growth in the cos culture suggests that its growth on yeast and/or acetate was regulated 266 
by the presence of [C.] ultunense or T. acetatoxydans. The slow growth and low gene 267 
abundance of T. acetatoxydans (Figure 2b), particularly considering that this species has two 268 
16S rRNA copy numbers per genome whereas M. bourgensis sp. MAB1, S. schinkii and [C.] 269 
12 
 
ultunense have one38-40, indicate a restricted metabolic contribution of T. acetatoxydans in the 270 
comix culture.  271 
The Illumina sequencing supported the qPCR results and showed dominance of S. schinkii in 272 
both cultures (Figure 4). In addition, strain AMB1 was only detected in the Illumina sequencing 273 
in samples taken at the first days in the cos culture and likely did not to grow, as it was not 274 
detected after 50 days of incubation. This was further strengthened using the AMB-targeting 275 
primers in qPCR analysis, which indicated no presence of this species above the detection limit 276 
of 100 gene copies/mL in any of the samples. Moreover, in the Illumina analysis, sequences 277 
classified into the bacterial genus Chungangia were detected in cos at days 5-48. Chungangia 278 
is strict aerobic bacteria41 that is unlikely to grow in these anaerobic cultures. These sequences 279 
were thus considered to represent DNA contamination of extraction and sequencing reagents 280 
appearing in the analysis, due to the extremely low microbial biomass in the initial days of 281 
cultivation. Similarly to the qPCR results, the Illumina analysis also showed higher relative 282 
abundance of SAO bacteria than of the methanogen, even considering differences in 16S rRNA 283 
copy numbers per genome (Figure 4). This was rather unexpected, as the energy available from 284 
acetate oxidation was lower than that from methanogenesis. The reason for this is not 285 
immediately clear from the present results, but it can be speculated that the methanogen may 286 
have to invest more energy in assimilation (e.g. the synthesis of amino acids), whereas the SAO 287 
microorganisms may take more advantage of the yeast extract in the medium or use secondary 288 
metabolites from the methanogen. Another possibility could be that the methanogen simply 289 
dissipates more of the free energy and has a lower energy gain than the SAO microorganisms.  290 
One interesting dissimilarity between the comix and cos cultures was the number of days required 291 
for initiation of methane production after inoculation (8 days for comix, 83 days for cos). This 292 
may be taken to suggest that one or more of the other organisms in the comix community (viz. 293 
T. acetatoxydans or [C.] ultunense) provided a factor that somehow lowered the threshold for 294 
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initiation of SAO. It also appeared to expedite growth of S. schinkii and M. bourgensis, which 295 
grew faster in comix than in cos (Table 1). These differences between comix and cos are not only 296 
intriguing, but also relevant, because they show that the more complex comix community 297 
instigated more efficient acetate degradation than the simpler cos community. This indicates 298 
that information gleaned from studying a simple community cannot be directly extrapolated to 299 
the ‘real world’. Mesophilic anaerobic digesters in which the SAO route dominates are complex 300 
and show more resemblance to the comix community than to the cos community. There are 301 
generally a number of syntrophic acetate oxidizers present in SAO-dominated biogas systems, 302 
but S. schinkii is often the most abundant of the known syntrophic bacteria,23, 35, 42. This was 303 
also the case in the comix culture. Overall, our results indicate that cooperation between a 304 
consortium benefits the growth of syntrophic acetate oxidizers, confirming suggestions in 305 
previous research that syntrophy in the ‘real world’ is more complex than previously thought.43     306 
Effects of environmental conditions on the methane production rate. Growth experiments 307 
and modeling of synthetic communities are useful to generate predictions of how different 308 
parameters control methane production in more complex systems. The main aim of the present 309 
experiment was to gain insights into the ecophysiology of syntrophic acetate oxidizers under 310 
prevalent biogas process conditions and the experimental set-up was therefore designed to 311 
replicate this environment. The parameters tested were temperature, pH, ammonia and acetate 312 
levels. The experiment was performed on comix due to its higher resemblance to the diverse 313 
SAO consortia prevailing in biogas systems.5 The model obtained from methane production 314 
rates at varying growth conditions was shown to describe the variation in the data with high 315 
accuracy (Table SI.4). Under the conditions examined, temperature proved to have a strong 316 
impact on methane formation, with the highest production rates obtained at around 42-46C at 317 
both pHinitial 7.3 and 8.1 (Figure 3[JD4], 5, 6 and SI.2). This temperature range resembles the 318 
heterotrophic growth pattern of T. acetatoxydans,10 whereas [C.] ultunense had its highest 319 
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growth rate around 37°C.8 The effect of temperature on the growth rate of S. schinkii and strain 320 
AMB1 has not been determined in pure culture. However, the upper temperature limit of C. 321 
ultunense strain Esp and S. schinkii during heterotrophic growth (40-45°C)9 and the presence 322 
of relatively low numbers of heat shock proteins in their genomes17, 44 raise many questions 323 
regarding the interplay of the different species in comix at higher temperatures. Whether [C.] 324 
ultunense and S. schinkii benefit from SAO conditions and/or other strains in the co-culture and 325 
remain active at 42-46°C, and whether T. acetatoxydans and/or strain AMB1 is the main acetate 326 
consumer(s) in this setting, remain to be established. For practical application, this comix 327 
optimum range lies in between the mesophilic (35-38°C) and thermophilic (50-60°C) 328 
temperature intervals commonly applied in commercial biogas production.45 Previous studies 329 
performed in our laboratory have assessed this temperature interval for its suitability for biogas 330 
production under high ammonia conditions, with the aim of supporting SAO activity.35, 46 One 331 
such study revealed positive effects on methane production, enhanced degradation of amino 332 
acids, and increased abundance of T. acetatoxydans in degradation of thin stillage at 44°C 333 
instead of 38°C.46 However, in processes fed household waste supplemented with protein, a 334 
similar temperature increase (from 37°C to 42°C) had less effect on methane yield and on the 335 
abundance of known SAO bacteria.35  336 
An important aspect when considering the impact of temperature is its effect on ammonia level. 337 
Increased temperature shifts the equilibrium between ammonium (NH4
+) and ammonia (NH3) 338 
towards the latter, which is mainly responsible for inhibition of the microbial community.47 In 339 
our experiments, the higher temperature resulted in ammonia levels of 0.4 and 1.8 g NH3/L at 340 
pHinitial 7.3 and 8.1, respectively. The continued methane formation at the higher ammonia level 341 
demonstrates extremely high ammonia tolerance of the syntrophs involved, which confirms 342 
previous findings for pure cultures of syntrophic bacteria.8-10, 21 The absence of genes for 343 
ammonium uptake systems and encoding of potassium uptake proteins may be potential 344 
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underlying mechanisms.15, 17, 40, 44, 48 Our cultivation experiments even showed a positive effect 345 
of higher ammonia levels on methane production rate, which is likely to be an highly important 346 
selective factor for establishing SAO in high-ammonia biogas systems.  347 
The thermodynamic benefit of high acetate concentrations6 was reflected in enhanced rates of 348 
methane production by comix at higher acetate levels. Maximum methane production rates were 349 
obtained at around 0.2-0.3 M (Figures 5, 6 and SI.2). Interestingly, the upper level of acetate 350 
seems to be slightly inhibitory at 7.3 but not at 8.1 (Figures 5 and 6), which might indicate a 351 
pH dependent inhibitory effect by the undissociated form of acetate on the methane production 352 
rate. Genome-based analyses will be helpful in obtaining further information about the impact 353 
of acetate on the SAO community, but the indication that T. acetatoxydans possesses a passive 354 
rather than active acetate uptake system15 could be an explanation for higher growth of the comix 355 
culture at the higher acetate levels. Note that the optimum acetate concentration (0.2-0.40 M, 356 
12-24 g/L) predicted in the present study for the comix culture is an extremely high level for 357 
commercial biogas production, but can still be found in ammonia-inhibited systems.4, 49  358 
Competition with aceticlastic methanogens at high and low acetate levels in biogas 359 
processes. The results obtained here were used to estimate kinetic parameters describing the 360 
growth of SAO organisms and to provide a basis for comparison of our data with previous 361 
studies of aceticlastic methanogens. Using qPCR results for the period of exponential growth, 362 
generation times between 3-12 days were estimated for all the syntrophic microorganisms 363 
involved except strain AMB1 (Table 1). This exceeds the generation time reported for 364 
Methanosarcina sp. (0.5-2 days), but is in a similar range as Methanosaeta (3.5-12 days sp.).50 365 
The higher growth rate of Methanosarcina and the high acetate affinity of Methanosaeta 366 
(further discussed below) indicate that SAOs have low competitiveness against aceticlastic 367 
methanogens in non-stressed environments. However, the generation times of these aceticlastic 368 
methanogens were obtained when grown at one set of parameters (35°C, low ammonia, pH 7.2 369 
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ect) and parameters such as acetate, pH, ammonia level and temperature will must likely effect 370 
their competitveness. It is well known that the lower ammonia tolerance of aceticlastic 371 
methanogens often causes SAO dominance in high-ammonia environments.5 Still, the most 372 
rapid doubling times obtained in the present study (Table S1.4 [JD5] ) also indicate SAO 373 
competiveness relative to aceticlastic methanogens in systems operating with low and moderate 374 
ammonia levels, if other conditions favor SAO. This would explain the SAO dominance 375 
reported at high temperature and/or high acetate in the absence of high ammonia as a selective 376 
factor.51-55 377 
The minimum threshold for acetate utilization was 0.40-0.45 mM in the cos culture and 0.7 mM 378 
in the comix culture (Table SI.6), which is comparable to the acetate affinity of Methanosarcina 379 
(0.2-2.5 mM).56, 57 However, the minimum acetate level for Methanosarcina was determined in 380 
low-ammonia conditions and may be different when it is grown under higher ammonia levels, 381 
as used in the present study. Our data therefore indicate that SAO microorganisms can compete 382 
for acetate even when acetate is present at low levels, as confirmed by the dominance of SAO 383 
reported in biogas digesters operating at low acetate levels and high ammonia concentrations.5, 384 
58 The result of the present study also shows that the minimum threshold for acetate utilization 385 
of SAO microorganisms considerably exceeds the level of 7-70 µM reported for Methanoseata 386 
which is the other methanogenic group competing for acetate.59 Consequently, SAO 387 
microorganisms will not be able to compete with Methanosaeta, in absence of inhibitory 388 
compounds and when acetate is the limiting parameter. However, Methanosaeta sp. have low 389 
tolerance to specific inhibitors and are seldom detected in high-ammonia biogas processes.5   390 
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SUPPORTING INFORMATION 391 
The supporting information accompanying this manuscript contains information relating to: 392 
 methods involving of factors of the experimental design used in experiment II 393 
 results of performance of the experimental design, average 16S rRNA gene copy 394 
numbers of all strains when incubated with and without acetate, estimated doubling 395 
time (during growth at different temperatures, acetate concentrations, ammonia levels, 396 
and pHinitial), detailed values of minimum threshold for acetate utilization, change in 397 
Gibbs free energy over time and impact of acetate concentration and temperature on 398 
methane production rates (at different ammonia levels) by the comix culture at pHinitial 399 
7.3. 400 
ACKNOWLEDGEMENTS 401 
We thank Anna Neubeck, Abhijeet Singh and Simon Isaksson for assistance in sampling and 402 
analyses of gas composition. MW and AS thanks the Swedish University of Agricultural 403 
Sciences for financial support. JD acknowledges funding from the Biotechnology and 404 
Biological Sciences Research Council (BB/K003240/1; Engineering synthetic microbial 405 
communities for biomethane production).   406 
REFERENCES 407 
1. Lauer, M.; Hansen, J. K.; Lamers, P.; Thran, D., Making money from waste: 408 
The economic viability of producing biogas and biomethane in the Idaho dairy industry 409 
Applied Energy 2018, 222, 621-636. 410 
2. Moestedt, J.; Nilsson Påledal, S.; Schnürer, A.; Nordell, E., Biogas production 411 
from thin stillage on an industrial scale - experience and optimisation. Energies 2013, 6, 412 
5642-5655. 413 
3. Chen, J. L.; Ortiz, R.; Steele, T. W. J., Toxicants inhibiting anaerobic digestion: 414 
A review. Biotechnology Advances 2014, 32, 1523-1534. 415 
4. Schnürer, A.; Nordberg, A., Ammonia, a selective agent for methane 416 
production by syntrophic acetate oxidation at mesophilic temperature. Water Science 417 
and Technology 2008, 57, (5), 735-740. 418 
18 
 
5. Westerholm, M.; Moestedt, J.; Schnürer, A., Biogas production through 419 
syntrophic acetate oxidation and deliberate operating strategies for improved digester 420 
performance. Applied Energy 2016, 179, 124-135. 421 
6. Dolfing, J., Thermodynamic constraints on syntrophic acetate oxidation. 422 
Applied and Environmental Microbiology 2014, 80, 1539-1541. 423 
7. Stams, A. J. M., Metabolic interactions between anaerobic bacteria in 424 
methanogenic enviroments. Antonie van Leeuwenhoek 1994, 66, 271-294. 425 
8. Schnürer, A.; Schink, B.; Svensson, B. H., Clostridium ultunense sp. nov., a 426 
mesophilic bacterium oxidizing acetate in syntrophic association with a 427 
hydrogenotrophic methanogenic bacterium. International Journal of Systematic 428 
Bacteriology 1996, 46, 1145-1152. 429 
9. Westerholm, M.; Roos, S.; Schnürer, A., Syntrophaceticus schinkii gen. nov., 430 
sp. nov., an anaerobic, syntrophic acetate-oxidizing bacterium isolated from a 431 
mesophilic anaerobic filter. FEMS Microbiology Letters 2010, 309, 100-104. 432 
10. Westerholm, M.; Roos, S.; Schnürer, A., Tepidanaerobacter acetatoxydans sp. 433 
nov., an anaerobic, syntrophic acetate-oxidizing bacterium isolated from two 434 
ammonium-enriched mesophilic methanogenic processes. Systematic and Applied 435 
Microbiology 2011, 34, 260-266. 436 
11. Hattori, S.; Kamagata, Y.; Hanada, S.; Shoun, H., Thermacetogenium phaeum 437 
gen. nov., sp. nov., a strictly anaerobic, thermophilic, syntrophic acetate-oxidizing 438 
bacterium. International Journal of Systematic and Evolutionary Microbiology 2000, 50, 439 
1601-1609. 440 
12. Balk, M.; Weijma, J.; Stams, A. J. M., Thermotoga lettingae sp. nov., a novel 441 
thermophilic, methanol-degrading bacterium isolated from a themophilic anaerobic 442 
reactor. International Journal of Systematic and Evolutionary Microbiology 2002, 52, 443 
1361-1368. 444 
13. Bhandari, V.; Gupta, R. S., Molecular signatures for the phylum (class) 445 
Thermotogae and a proposal for its division into three orders (Thermotogales, 446 
Kosmotogales ord. nov. and Petrotogales ord. nov.) containing four families 447 
(Thermotogaceae, Fervidobacteriaceae fam. nov., Kosmotogaceae fam. nov. and 448 
Petrotogaceae fam. nov.) and a new genus Pseudothermotoga gen. nov. with five new 449 
combinations. Antonie van Leeuwenhoek 2014, 105, 143-168. 450 
14. Hattori, S., Syntrophic acetate-oxidizing microbes in methanogenic 451 
environments. Microbes and Environments 2008, 23, 118-127. 452 
15. Müller, B.; Manzoor, S.; Niazi, A.; Bongcam-Rudloff, E.; Schnürer, A., 453 
Genome-guided analysis of physiological capacities of Tepidanaerobacter acetatoxydans 454 
provides insights into environmental adaptations and syntrophic acetate oxidation. PLoS 455 
ONE 2015, 10, 1-21. 456 
16. Müller, B.; Sun, L.; Schnürer, A., First insights into the syntrophic acetate-457 
oxidizing bacteria - a genetic study. MicrobiologyOpen 2012, 2, 35-53. 458 
17. Manzoor, S.; Schnürer, A.; Bongcam-Rudloff, E.; Müller, B., Genome-guided 459 
analysis of Clostridium ultunense and comparative genomics reveal different strategies 460 
for acetate oxidation and energy  onservation in syntrophic acetate-oxidising bacteria. 461 
Genes 2018, 9, 225. 462 
18. Oehler, D.; Poehlein, A.; Leimbach, A.; Müller, N.; Daniel, R.; Gottschalk, G.; 463 
Schink, B., Genome-guided analysis of physiological and morphological traits of the 464 
fermentative acetate oxidizer Thermacetogenium phaeum. BMC Genomics 2012, 13, 723. 465 
19. Hattori, S.; Luo, H.; Shoun, H.; Kamagata, Y., Involvement of formate as an 466 
interspecies electron carrier in a syntrophic acetate-oxidizing anaerobic microorganism 467 
19 
 
in coculture with methanoges. Journal of Bioscience and Bioengineering 2001, 91, 294-468 
298. 469 
20. Schnürer, A.; Svensson, B. H.; Schink, B., Enzyme activities in and energetics 470 
of acetate metabolism by the mesophilic syntrophically acetate-oxidizing anaerobe 471 
Clostridium ultunense. FEMS Microbiology Letters 1997, 154, 331-336. 472 
21. Schnürer, A.; Zellner, G.; Svensson, B. H., Mesophilic syntrophic acetate 473 
oxidation during methane formation in biogas reactors. FEMS Microbiology Ecology 474 
1999, 29, 249-261. 475 
22. Jonsson, S.; Boren, H., Analysis of mono- and diesters of o-phthalic acid by 476 
solid-phase extractions with polystyrene-divinylbenzene-based polymers. Journal of 477 
Chromatography A 2002, 963, 393-400. 478 
23. Westerholm, M.; Dolfing, J.; Sherry, A.; Gray, N. D.; Head, I. M.; Schnürer, A., 479 
Quantification of syntrophic acetate-oxidizing microbial communities in biogas 480 
processes. Environmental Microbiology Reports 2011, 3, 500-505. 481 
24. Westerholm, M.; Hansson, M.; Schnürer, A., Improved biogas production 482 
from whole stillage by co-digestion with cattle manure Bioresource Technology 2012, 483 
114, 314-319. 484 
25. Westerholm, M.; Isaksson, S.; Karlsson Lindsjö, O.; Schnürer, A., Microbial 485 
community adaptability to altered temperature conditions determines the potential for 486 
process optimisation in biogas production. Applied Energy 2018, 226, 838-848. 487 
26. Chen, S.; Zhou, Y.; Chen, Y.; Gu, J., fastp: an ultra-fast all-in-one FASTQ 488 
preprocessor. Bioinformatics 2018, 34, (17), 884-890. 489 
27. Callahan, B. J.; McMurdie, P. J.; Rosen, M. J.; Han, A. W.; Johnson, J. A.; 490 
Holmes, S. P., DADA2: High-resolution sample inference from Illumina amplicon data. 491 
Nature Methods 2016, 13, 581-583. 492 
28. McMurdie, P. J.; Holmes, S., phyloseq: An R package for reproducible 493 
interactive analysis and graphics of microbiome census data. PloS ONE 2013, 8, e61217. 494 
29. Wickham, H., ggplot2: Elegant graphics for data analysis. In Springer-495 
Verlag: New York, NY, USA, 2016. 496 
30. Team, R. RStudio: Integrated Development for R. RStudio, Inc., Boston, MA 497 
URL http://www.rstudio.com/, 2016. 498 
31. Altschul, S. F.; Gish, W.; Miller, W.; Myers, E. W.; Lipman, D. J., Basic local 499 
alignment search tool. Journal of Molecular Biology 1990, 215, 403-410. 500 
32. Dolfing, J.; Larter, S. R.; Head, I. M., Thermodynamic constraints on 501 
methanogenic crude oil biodegradation. The ISME Journal 2008, 2, 442-452. 502 
33. Hanselmann, K. W., Microbial energetics applied to waste repositories. 503 
Experientia 1991, 47, 645-687. 504 
34. Dolfing, J., Protocols for calculating reaction kinetics and thermodynamics. 505 
In Hydrocarbon and Lipid Microbiology Protocols, Springer Protocols Handbooks, (eds.), T. 506 
J. M. e. a., Ed. Springer-Verlag: Berlin, 2015. 507 
35. Westerholm, M.; Müller, B.; Isaksson, S.; Schnürer, A., Trace element and 508 
temperature effects on microbial communities and links to biogas digester performance 509 
at high ammonia levels. Biotechnology for Biofuels 2015, 8, 1-19. 510 
36. Westerholm, M.; Müller, B.; Singh, A.; Karlsson Lindsjö, O.; Schnürer, A., 511 
Detection of novel syntrophic acetate-oxidising bacteria from biogas processes by 512 
continuous acetate enrichment approaches. Microbial Biotechnology 2018, 11, 680-693. 513 
37. Lee, M. J.; Zinder, S. H., Hydrogen partial pressure in a thermophilic acetate-514 
oxidizing methanogenic coculture. Applied and Environmental Microbiology 1988, 54, 515 
1457-1461. 516 
20 
 
38. Manzoor, S.; Bongcam-Rudloff, E.; Schnürer, A.; Müller, B., First genome 517 
sequence of a syntrophic acetate-oxidizing bacterium, Tepidanaerobacter acetatoxydans 518 
strain Re1 Genome Announcements 2013, 1, e00213-12. 519 
39. Manzoor, S.; Müller, B.; Niazi, A.; Bongcam-Rudloff, E.; Schnürer, A., Draft 520 
genome sequence of Clostridium ultunense strain Esp, a syntrophic acetate-oxidizing 521 
bacterium. Genome Announcements 2013, 1, e00107-13. 522 
40. Manzoor, S.; Schnürer, A.; Bongcam-Rudloff, E.; Müller, B., Complete genome 523 
sequence of Methanoculleus bourgensis strain MAB1, the syntrophic partner of 524 
mesophilic acetate-oxidising bacteria (SAOB). Standards in Genomic Sciences 2016, 1-9. 525 
41. Kim, W.; Traiwan, J.; Park, M. H.; Jung, M. Y.; Oh, S. J.; Yoon, J. H.; Sukhoom, 526 
A., Chungangia koreensis gen. nov., sp nov., isolated from marine sediment International 527 
Journal of Systematic and Evolutionary Microbiology 2012, 62, 1914-1920. 528 
42. Westerholm, M.; Levén, L.; Schnürer, A., Bioaugmentation of syntrophic 529 
acetate-oxidising culture in biogas reactors exposed to increasing levels of ammonia. 530 
Applied and Environmental Microbiology 2012, 78, (21), 7619-7625. 531 
43. Nobu, M. K.; Narihiro, T.; Rinke, C.; Kamagata, Y.; Tringe, S. G.; Woyke, T.; 532 
Liu, W., Microbial dark matter ecogenomics reveals complex synergistic networks in a 533 
methanogenic bioreactor. The ISME Journal 2015, 9, 1710-1722. 534 
44. Manzoor, S.; Bongcam-Rudloff, E.; Schnürer, A.; Müller, B., Genome-guided 535 
analysis and whole transcriptome profiling of the mesophilic syntrophic acetate 536 
oxidising bacterium Syntrophaceticus schinkii PloS ONE 2015, 11, e0166520. 537 
45. Kim, M.; Ahn, Y. H.; Speece, R. E., Comparative process stability and 538 
efficiency of anaerobic digestion; mesophilic vs. thermophilic. Water Research 2002, 36, 539 
4369-4385. 540 
46. Moestedt, J.; Nordell, E.; Schnürer, A., Comparison of operational strategies 541 
for increased biogas production from thin stillage. Journal of Biotechnology 2014, 175, 542 
22-30. 543 
47. Sprott, G. D.; Shaw, K. M.; Jarell, K. F., Ammonia/potassium exchange in 544 
methanogenic bacteria. Journal of Biological Chemistry 1984, 259, 12602-12608. 545 
48. Maus, I.; Wibberg, D.; Stantscheff, R.; Stolze, Y.; Blom, J.; Eikmeyer, F.; 546 
Fracowiak, J.; König, H.; Pühler, A.; Schlüter, A., Insights into the annotated genome 547 
sequence of Methanoculleus bourgensis MS2T, related to dominant methanogens in 548 
biogas-producing plants. Journal of Biotechnology 2015, 201, 43-53. 549 
49. Moestedt, J.; Müller, B.; Westerholm, M.; Schnürer, A., Ammonia threshold 550 
for inhibition of anaerobic digestion of thin stillage and the importance of organic 551 
loading rate. Microbial Biotechnology 2016, 9, (2), 180-194. 552 
50. Yu, Y.; Kim, J.; Hwang, S., Use of real-time PCR for group-specific 553 
quantification of aceticlastic methanogens in anaerobic processes: population dynamics 554 
and community structure. Biotechnology and Bioengineering 2005, 93, 424-433. 555 
51. Ho, D.; Jensen, P.; Gutierrez-Zamora, M.; Beckmann, S.; Manefield, M.; 556 
Batstone, D., High-rate, high temperature acetotrophic methanogenesis governed by a 557 
three population consortium in anaerobic bioreactors. PLoS ONE 2016, 11, e0159760. 558 
52. Ho, D.; Jensen, P.; Batstone, D., Effects of temperature and hydraulic 559 
retention time on acetotrophic pathways and performance in high-rate sludge digestion. 560 
Environmental Science and Technology 2014, 48, 6468-6476. 561 
53. Hao, L.; Lü, F.; Wu, Q.; Shao, L.; He, P., Self-adaptation of methane-producing 562 
communities to pH disturbance at different acetate concentrations by shifting pathways 563 
and population interaction. Bioresource Technology 2013, 140, 319-327. 564 
21 
 
54. Petersen, S. P.; Ahring, B. K., Acetate oxidation in a thermophilic anaerobic 565 
sludge-digestor: the importance of non-acetoclastic methanogenesis from acetate. FEMS 566 
Microbiology Ecology 1991, 86, 149-158. 567 
55. Hao, L.; Lü, F.; He, P.; Li, L.; Shao, L., Predominant contribution of syntrophic 568 
acetate oxidation to thermophilic methane formation at high acetate concentrations. 569 
Environmental Science and Technology 2011, 45, 508-513. 570 
56. Jetten, M. S. M.; Stams, A. J. M.; Zehnder, A. J. B., Acetate threshold values and 571 
acetate activating enzymes in methanogenic bacteria. FEMS Microbiology Ecology 1990, 572 
73, 339-344. 573 
57. Zinder, S. H., Conversion of acetic acid to methane by thermophiles. FEMS 574 
Microbiology Reviews 1990, 75, 125-138. 575 
58. Ahring, B. K., Methanogenesis in thermophilic biogas reactors. Antonie van 576 
Leeuwenhoek 1995, 67, 91-102. 577 
59. Jetten, M. S. M.; Stams, A. J. M.; Zehnder, A. J. B., Methanogenesis from 578 
acetate: a comparison of the acetate metabolism in Methanothrix soehngenii and 579 
Methanosarcina spp. FEMS Microbiology Reviews 1992, 88, 181-198. 580 
  581 
22 
 
Table 1. Generation time estimated from the qPCR results for triplicate cultures of cos and comix 582 
when incubated at 37°C in medium containing 200 mM acetate, 0.2 M NH4Cl, and an initial 583 
pH of 7.3. The equation g = (ln2)/µ was used for calculation, where µ (assumed constant) was 584 
estimated from the slope of the logarithmic increase in 16S rRNA genes of the respective 585 
species  586 
culture 
Syntrophaceticus 
schinkii 
[Clostridium]  
ultunense 
Tepidanaerobacter 
acetatoxydans 
strain AMB1 Methanoculleus 
bourgensis 
cos 19.7 ± 1.51 np np np 19.8 ± 1.42 
comix 9.5 ± 0.53 4.5 ± 0.24 11.7 ± 0.54 3.1 ± 0.14 8.5 ± 0.43 
np = not present 587 
1 Time frame used for calculation: days 48-83; 2 Time frame used for calculation: days 74-96; 3 Time frame used 588 
for calculation: days 8-28; 4 Time frame used for calculation: days 0-14 (the qPCR data used for the calculations 589 
are shown in Figures 1b and 2b)  590 
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a                  b 591 
 592 
Figure 1. (a) Acetate consumption, methane formation, and hydrogen partial pressure and (b) 593 
the 16S rRNA gene abundances (determined through qPCR analyses) of Syntrophaceticus 594 
schinkii and Methanoculleus bourgensis during 200 days of co-cultivation of the cos culture. 595 
qPCR analyses using primers designed to target strain AMB1 showed no detection of this 596 
species in cos. The co-cultures contained 0.2 M NH4Cl and an initial acetate concentration of 597 
200 mM (equal to 40 mmol per bottle), and were incubated at 37°C. Each sample point 598 
represents an average of triplicate biological replicates. 599 
  600 
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a                  b 601 
 602 
 603 
Figure 2. (a) Acetate consumption, methane formation, and hydrogen partial pressure and (b) 604 
16S rRNA gene copies (determined through qPCR analyses) of Syntrophaceticus schinkii, 605 
[Clostridium] ultunense, Tepidanaerobacter acetatoxydans, strain AMB1, and Methanoculleus 606 
bourgensis during 120 days of co-cultivation of the comix culture. The co-cultures contained 0.2 607 
M NH4Cl and an initial acetate concentration of 200 mM (equal to 40 mmol per bottle), and 608 
were incubated at 37°C. Each sample point represents an average of triplicate biological 609 
replicates.  610 
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 611 
Figure 3. Change in Gibbs free energy (ΔG) for acetate oxidation (left panel) and 612 
hydrogenotrophic methanogenesis (right panel) in the cos culture (green symbols) and in the 613 
comix culture (red symbols) during acetate degradation. 614 
  615 
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 616 
Figure 4. Relative abundance at genus level (based on total sequences) in the comix culture 617 
(Syntrophaceticus schinkii, [Clostridium] ultunense, Tepidanaerobacter acetatoxydans, strain 618 
AMB1, and Methanoculleus bourgensis) and the cos culture (S. schinkii, strain AMB1, and M. 619 
bourgensis) during degradation of 40 mmol (equal to 200 mM per bottle) acetate as shown in 620 
Figures 2a and 3a. The results are mean values of biological triplicate batches. Blast searches 621 
of the representative sequences revealed that Tepidimicrobium-classified reads had 97-99% 622 
sequence similarity to [C.] ultunense and that the majority of the unclassified reads (NA in the 623 
diagram) had 100% sequence similarity to the novel strain AMB1.  624 
 625 
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 626 
 627 
Figure 5. Impact of acetate concentration and temperature on methane production rates by the 628 
comix culture (Syntrophaceticus schinkii, [Clostridium] ultunense, Tepidanaerobacter 629 
acetatoxydans, strain AMB1, and Methanoculleus bourgensis) at 0.05, 0.225, and 0.4 M acetate 630 
concentrations and pHinitial 7.3. The parameters investigated were within the ranges 0.05-0.34 631 
M NH4Cl, 30-46°C, and 0.05-0.4 M sodium acetate. 632 
 633 
 634 
 635 
Figure 6. Co-cultivation at pHinitial 8.1 and the impact of acetate and ammonia on methane 636 
production rates by the comix culture (Syntrophaceticus schinkii, [Clostridium] ultunense, 637 
Tepidanaerobacter acetatoxydans, strain AMB1, and Methanoculleus bourgensis), when 638 
incubated at 30°C, 38°C, and 46°C. The parameters investigated were within the ranges 0.05-639 
0.34 M NH4Cl, 30-46°C, and 0.05-0.4 M sodium acetate. 640 
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